Pulmonary function was studied before and after bilateral lung lavage with oxygenated FC-80 fluorocarbon liquid in seven preterm lambs, 134 days of gestation. Measurements of transpulmonary pressure, air flow, tidal volume, and functional residual capacity (FRC) enabled calculations of lung resistance and compliance, specific compliance, and work of breathing. Immediately postlavage, arterial oxygen tension (PaO?) decreased significantly (P < 0.05) by 41% from control values. In addition, at 1 hr postlavage, lung compliance significantly decreased (P < 0.01) by 43% from control levels. Lung resistance, FRC, work of breathing, arterial carbon dioxide tension, and pH postlavage were not significantly different from prelavage values. The mean volume of FC-80 remaining in the lungs at 1 hr postlavage was 32% of the instilled volume. These data indicate that lung lavage with a low surface tension liquid has a relatively small effect on lung mechanics of the premature lung.
Summary
Pulmonary function was studied before and after bilateral lung lavage with oxygenated FC-80 fluorocarbon liquid in seven preterm lambs, 134 days of gestation. Measurements of transpulmonary pressure, air flow, tidal volume, and functional residual capacity (FRC) enabled calculations of lung resistance and compliance, specific compliance, and work of breathing. Immediately postlavage, arterial oxygen tension (PaO?) decreased significantly (P < 0.05) by 41% from control values. In addition, at 1 hr postlavage, lung compliance significantly decreased (P < 0.01) by 43% from control levels. Lung resistance, FRC, work of breathing, arterial carbon dioxide tension, and pH postlavage were not significantly different from prelavage values. The mean volume of FC-80 remaining in the lungs at 1 hr postlavage was 32% of the instilled volume. These data indicate that lung lavage with a low surface tension liquid has a relatively small effect on lung mechanics of the premature lung.
Speculation
Adequate blood gas tensions and pH levels can be maintained both during and after bilateral fluorocarbon lavage with relatively small changes in lung mechanics. Based upon these findings, it is appealing to speculate that bilateral fluorocarbon lavage may be useful as a means of alveolar debridement, particularly in aspiration syndromes of the newborn.
Liquid ventilation in mammalian species has been studied by various investigators (1, 3, 4, 6-8, 10, 11) , including the present authors (10, 11) . Among the various liquids employed, fluorocarbons such as FC-80 were recognized as the most useful for conducting oxygen-carbon dioxide transport studies because of their capacity for dissolving large volumes of respiratory gases at atmospheric pressure. Employing forced ventilation techniques, several investigators have found that adult dogs could be supported by ventilation with fluorocarbons for prolonged periods and demonstrated survival after such ventilation.
In recent studies, preterm lambs demonstrated remarkably good pulmonary gas exchange and acid-base balance following long term (1-3 hr) liquid ventilation with FC-80. Peak intratracheal pressures measured after return to air breathing were significantly reduced as compared to preliquid ventilation values. In similar experiments with distressed preterm minipigs it was found that static lung compliance improved after 20 min of fluorocarbon ventilation (7) . 1n both these studies it was speculated that the improved lung function was due to residual low surface tension fluorocarbon lining the alveoli and acting as an artificial surfactant. Based on these results it has been suggested that a brief lavage with fluorocarbon liquid may substicute for long term liquid ventilation in reducing surface-active forces in immature lungs.
The purpose of the present investigation is to determine the effects of a brief, bilateral lung lavage with low surface tension liquid on the arterial blood gases, pH, and lung mechanics of the preterm lamb.
MATERIALS AND METHODS

PREPARATION OF LAMB
Seven lambs at a mean gestational age of 134 days (145-150 days term) and a mean birthweight of 3.8 kg were delivered by cesarean section and prepared for experimentation as previously described (1 1, 12). After weighing and drying the lamb, it was placed upright in an animal sling. The tracheal tube was then connected to a volume-controlled piston pump respirator (Harvard small animal respirator). Initially, tidal volume was set for 15 ml/kg at a pump frequency of 40-50 breaths/min, with equal periods of inspiration and expiration at 100% inspired oxygen concentration (F102). Care was taken to maintain thoracic pressure below 25 cm H 2 0 in order to prevent pneumothorax upon connection to the ventilator. Tidal volume and frequency of the ventilator were adjusted until arterial oxygen and carbon dioxide were in a satisfactory range (Pa02 > 50 mm Hg and PaCOe < 60 mm Hg). If pH fell below 7.25 after PaC02 was stabilized below 60 mm Hg, additional bicarbonate solution was administered iv to make up for the base deficit using the formula: mEq base needed = -base excess (rnEq/liter) x body wt x 0. 3 An iv drip of 10% glucose was maintained at 5 ml/hr/kg.
BLOOD GAS DETERMINATION
Arterial blood gases were measured every 15 min on I-ml samples after 3 ml had been withdrawn to clear out the carotid catheter. These 3 ml were reinfused followed by 1.5 ml heparinized, 0.9% saline solution. The blood samples were analyzed immediately for oxygen and carbon dioxide gas tension and pH using a Copenhagen Radiometer amplifier and cuvettes with membrane covered O2 and COa electrodes, and a capillary electrode for pH.
PULMONARY MECHANICS
After the adjustment of tidal volume and frequency of the respirator to yield satisfactory and reproducible blood gases in the lamb, they were held constant and pulmonary function was determined. Mechanics of breathing were studied by simultaneously monitoring transpulmonary pressure, inspiratory and expiratory flow rates, and tidal volume. Transpulmonary pressure was obtained by subtracting intraesophageal pressure from tracheal pressure. Intraesophageal pressure was measured with an esophageal balloon, 2.5 cm in length, 0.3 mm in diameter, on a polyethylene 200 tube connected to one side of a Statham PM 131TC differential strain gauge transducer with a low volume adapter inserted at the inlet. After the balloon was filled with 0.5 ml air it was positioned in approximately the lower third of the esophagus. The esophageal catheter was protected at the mouth with a polyvinyl chloride connecting tube in order to prevent the unanesthetized lamb from chewing it.
Air flow was measured with a Fleisch no. I pneumotachograph (dead space 15 ml) connected to a Statham PM 283 TC differential strain gauge pressure transducer of low volume displacement.
22%. The mean decrease in FRC was statistically the same ( P > 0.05) as the mean FC-80 volume remaining in the lung postlavage, that is, 24.5 ml and 18.6 ml, respectively. Available data were not sufficient for reporting statistical differences in FRC at I hr postlavage since FC-80 vapor frequently interfered with gas chromatography used in the measurement of FRC. Lung compliance per weight decreased by 16% immediately postlavage, and after I hr into the recovery period, significantly decreased ( P < 0.0 1) 43% from control values. Specific compliance, as shown in Figure 2 , increased 32% from control values within 5-10 min after lavage. Statistical comparisons at 1 hr postlavage could not be computed for CS.
Similarly, mean values + SEM for inspiratory resistance (Rr), expiratory resistance (RE), and work of breathing normalized per weight (W/kg), are presented for all lambs in Figure 3 . There were no significant changes in airway resistance or work of breathing from control values during the recovery period. It is also noteworthy that expiratory airway resistance was found to be significantly greater (P < 0.05) than inspiratory resistance both before and after lung lavage.
In Figure 4 , mean values k SEM for arterial oxygen tension Fig. 3 . Lung resistance for inspiration (RI) and expiration (RE), and work/weight, W/kg, for seven premature lambs before and after bilateral FC-80 lung lavage. (PaOz), carbon dioxide tension (PaC02), and pH are presented for all lambs pre-and postlavage. Arterial oxygen tension decreased 41% from control level ( P < 0.05) immediately after lavage and 57% from control level ( P < 0.05) 1 hr postlavage. PaC02 and pH did not vary significantly from control values over the recovery period.
At 1.5 hr postlavage the experiment was terminated and postmortem examination of all lambs showed poorly aerated. hemorrhagic, and friable lungs. In general the individual lobes appeared to be collapsed and failed to float when placed in water. The gross appearance of these lungs was comparable to that of lungs from lambs of similar gestational age and weight which had been ventilated with gas for several hours after cesarean section delivery, excised, and examined (12).
DISCUSSION
The premature lambs employed in this study demonstrated difficulty in breathing and required mechanical ventilation. The clinical and pathologic profile (12, 14) as well as the control pulmonary function (12), of these animals was consistent with previous studies done with lambs of similar gestational age.
Decreased arterial oxygen tension has frequently been reported in the li~erature (5, 9) as one of the major problems associated with lavage procedures. In the present study, however, physiologic levels of PaO?, PaCO?, and pH were maintained throughout the recovery period. Maintenance of adequate blood gas tensions after fluorocarbon lavage is related to these liquids' capacity for dissolving respiratory gases at atmospheric pressure. The slight decrease in PaO? after lavage could be attributed to the decrease in FRC, the reduced diffusibility of oxygen through the residual fluorocarbon layer, and the decrease in alveolar P O secondary to FC-80 vapor in the lung (57 mm Hg at 37").
Premature mammals typically display an instability of temperature control at birth: a relatively large heat loss from the body is due to evaporation of surface liquid and excess radiation of body heat. Since FC-80 has a high vapor pressure, and its primary mechanism for removal from the lungs is evaporation, it was initially of concern that such heat loss could compromise the lambs. In light of this. rectal temperature was monitored during the recovery period. Mean temperature decreased by only I", indicating that residual FC-80 evaporation (68% of the instilled volume) did not stress the animals thermally.
These data indicate that lung lavage with a low surface tension liquid (15 dynes/cm) has a relatively small effect on lung mechanics, as opposed to the marked improvement seen following liquid ventilation (1 1). It does not. therefore, appear that a brief lavage with low surface tension fluorocarbon can substitute for long term liquid ventilation as a method for reducing surfaceactive forces and improving lung mechanics in premature lungs.
